The Brazilian
Introduction
Biodiesel production and commercial use in Brazil has greatly expanded in the last couple of years due to the Brazilian Government policy that established a mandatory use of 2% biodiesel in fossil diesel (B2) fuels throughout the country since 2008 [1] . In the last decade, the technologies for producing biodiesel have greatly improved and several different processes are now currently available at different scales [2] [3] [4] . However, for small scale production facilities, the preferred technology is still batch transesterification systems [5] [6] [7] mostly involving alkali-catalyzed processes. The benefits of installing and operating small-scale biodiesel production units are: (i) low capital investments, (ii) reduction in use of fossil fuels by replacement with local renewable energy sources (e.g., the heat requirements can be supplied by combustion of biomass residues), (iii) electricity needs can be supplied by a generator that runs on biodiesel, and (iv) unit can be operated by inexperienced users not relying on the availability of highly qualified technicians.
The scenario originally considered in the development of the Brazilian Government policy for biofuels was focused on fiscal incentives for small scale oilseed producers, thus, favoring small scale oil extraction plants scattered in remote locations of the less developed regions of Brazil (mostly North and Northeast Regions of the country). However, no fiscal incentives were established for the manufacturing of small-scale biodiesel production units and their construction, and operation costs, although usually lower than the industrial scale ones, are out of reach for small scale oilseed producers and cooperatives. In view of the aforementioned, it was the aim of this work to design/construct a mobile biodiesel production unit and verify its feasibility in providing a service to small-scale oil producers in which the oil is processed into biodiesel and the producers costs are only those related to the processing of the oil.
Design Specifications
The mobile biodiesel production unit was built and commissioned at Biominas, a transportation company located in Itauna, Brazil. A drawing of the unit layout is shown in Fig. 1 and a process flowsheet as related to the mobile unit described is depicted in Fig. 2 .
The biodiesel production rig is comprised of two storage tanks (T01 and T02) for the reagents (oil and a mixture of ethanol and sodium methoxide, respectively) during transportation of the unit; one 18 kW power generator (E01), working with a Diesel engine running on biodiesel; a screw-press for oil extraction (E02); a press filter (E03) for the removal of suspended solids in the oil; two control panels (E04 and E05); four tanks, made of stainless steel, for storage and feed of vegetable oil (T03) and of waste frying oil (T04), for storage of ethanol (T05), and for storage of purified biodiesel (T06); two 180 liter-capacity reactors (T07 and T08) for the transesterification reactions, equipped with mechanical stirrers and heating coils (A01 and A02, respectively) that allows for temperatures up to 80 o C in the reacting media -reactor T07 is made of acrylic to allow for complete visualization of the reaction for educational purposes; two settler tanks (T09 and T10) for the phase separation (fatty acid ethyl ester and glycerin) -tank T09 is also made of acrylic; a storage tank for glycerin (T12) with a heating coil that allows for temperatures up to 100 o C; an evaporation column (T13) equipped with a heating unit (A04) for the removal of the alcohol from the ester phase; a heat exchanger (E06) operated in countercurrent mode; a holding tank for process water (T14) and a storage tank for fresh process water (T15) equipped with a heating unit (A05); a water washing column (T16) for the removal of impurities from the alcohol-free biodiesel phase; an evaporation column (T17) equipped with a heating unit (A06), that allows for temperatures up to 100 o C, and a vacuum pump (B08) (100 mmHg) for the final purification of the biodiesel phase. A small lab facility (LB) was built in the rear end of the rig, where the quality of the biodiesel produced can be quickly evaluated employing analytical techniques such as near infrared spectroscopy. Since the mobile unit was also commissioned for educational purposes, it has a training room (ES) at the rear end, in between the processing unit and the lab, where a 34" TV was setup for instructional presentations and videos. Safety features include an emergency exit and a fire extinguisher placed at the back end.
Process description
The first step in the process is the extraction of the vegetable oil using the expeller (E02), generating a solid residue (press-cake). After extraction, the oil is filtered (E03) and, if necessary, its pH is adjusted so it can be safely pumped to either the storage tank (T01) or directly to one of the reactors (T07 or T08). The reactors work in parallel, but their configuration allows for them to be run in series in cases when there is a need for the oil to be purified before being subjected to a transesterification reaction. After the oil is pumped (B01) to the reactor and is heated to the desired temperature, the mixture of alcohol and catalyst is pumped (B02) into the reactor where the reaction is carried on under stirring for about 1 h or 1.5 h depending on the conditions established for the reaction to occur. After completion of the reaction, the mixture is transferred to the settler (either T09, T10 or T11) by gravity action so that phase separation can occur by gravity settling in a period that usually range from 0.5 to 1 h. Upon separation, the ester phase is moved to the evaporation column (T13) where the excess alcohol is removed by evaporation (A03); and the glycerin phase is moved to the storage tank (T12) where, upon heating, the alcohol in that phase is also removed by evaporation. The evaporated alcohol (from both T13 and T12) is condensed in the heat exchanger (E06) where it flows counter-currently to the cold fluid, which is comprised of a mixture of water and glycerin recovered in T12 after cooling. The condensed alcohol is returned to the storage tank T05.
After evaporation of the residual alcohol, the ester phase still contains a fraction of glycerin that must be removed to comply with purity specifications established by the Brazilian Biodiesel Standards. Thus, the ester phase is transferred to the water washing column (T16) where water is sprayed over the surface of the ester phase, extracting the glycerin as its tiny drops move down the lighter organic phase. The water with the extracted glycerin settles down at the bottom of the column where it is removed and transferred to tanks T18 and T19. The biodiesel phase, with a bit of water incorporated in it, is transferred to the distillation column (T17), where the water and residual alcohol are removed as vent gases. The purified biodiesel is then transferred to the fuel storage tank T06.
Research studies are currently being carried on to evaluate the feasibility of applying the water used in the washing of the ester phase (with a small amount of glycerin and other impurities) for irrigation and fertilization purposes in oilseed plantations.
Experimental Results
Although the unit has been operated several times for demonstration and educational purposes, only two tests were conducted to verify the quality of the biodiesel produced in the mobile unit. The first test was carried out with refined soybean oil and ethanol in a molar ratio of 1:6, and sodium methoxide (1 % w/w, based on the mass of oil) as the alkali catalyst. The biodiesel produced was analyzed by HPLC following the methodology presented by Holcapek et al. [8] . The ester conversion was determined to be 97% and, after purification, the ester content was 99.4%, asserting the functionality of the unit. The second test was carried out with waste frying oil and the reaction conditions were the same as those used for the refined oil. The ester conversion was determined to be ~ 90% and the purified ester was 98.7% pure.
Preliminary economic feasibility
Capital cost investment (processing equipment and accessories) is one of the most critical steps in economic feasibility studies. Regarding the constructed mobile unit, the capital cost investment can be divided into: (i) cost of the rig where the processing unit was assembled onto; (ii) cost of the processing equipment; (iii) cost of accessories and ancillaries; and (iv) cost of the built-in lab facility.
The cost of the processing equipment, considering a 100 L/h capacity, was estimated to be of 40 to 45 thousand US dollars. The cost of the accessories and ancillary equipment was estimated in the range of 20 to 25 thousand dollars and the cost of the rig, assembled with flooring and walls, was in the range of 30 to 32 thousand dollars. The cost of the lab facility was ten thousand dollars and the total investment cost sums up to US$112,000.00.
Conclusions
A mobile biodiesel production unit was designed, constructed and successfully operated. Tests were carried out to evaluate the performance of the unit using both refined and waste frying soybean oil. The ester conversions in both tests were considered satisfactory (higher than 90%) and the purification steps presented a commendable performance, leading to purities higher than 98% for both oils. The technical feasibility of a mobile biodiesel production unit was demonstrated and a preliminary economic analysis showed encouraging prospects for the production, commercialization and operation of such units. 
